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Supplementary Figure 1 
ATOs form solid tissue-like structures. 
Hematoxylin and eosin staining showing tissue architecture of week 6 3D cultures generated with CB HSPCs and MS5-hDLL1 (i.e. 
ATO) (left), parental MS-5 cells (center), or MS5-hDLL1 cells alone (right). Magnification is 100X (top row) or 400X (bottom row). 
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Supplementary Figure 2 
The starting number of HSPCs per ATO affects cell yield per HSPC but not the total cell output or T cell differentiation. 
(a) Total cell number and yield per input HSPC in week 6 ATOs generated with varying numbers of CD34+CD3- CB HSPCs (0.3-
30x10
3
 per ATO) and a constant number of MS5-hDLL1 stromal cells (1.5x10
5
 per ATO). Comparison is shown at far right of each 
graph with larger ATOs (using 30x10
3
 HSPC and 6x10
5
 stromal cells, at a ratio of 1:20). (b) T cell precursor and mature T cell 
frequencies in ATOs as described in (a). Mean and SD of triplicate ATOs are shown. Data are representative of two independent 
experiments. 
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 Supplementary Figure 3 
T cell differentiation in ATOs is highly reproducible and not affected by B27 lot variation, xeno-free B27 or stromal irradiation. 
No significant effect of B27 lot variation on (a) T-lineage commitment, (b-c) T cell differentiation, or (d) total cell numbers in week 6 
ATOs generated from a single CB (7.5x10
3
 CD34+CD3- HSPCs per ATO) and cultured using 4 different lots of B27 supplement 
(labeled A-D). Replicate ATOs (n=2-3) are shown for each B27 lot. Substitution of standard B27 with xeno-free B27 had no significant 
impact on (e) T cell differentiation or (f) total cell numbers in week 6 ATOs. Irradiation of MS5-hDLL1 stromal cells with 20-80 Gy prior 
to ATO generation had little impact on (g-i) T cell differentiation, or (j) numbers of total cells and CD3+TCRαβ+CD8SP T cells. Mean 
and SD of triplicate ATOs are shown. Data are representative of two individual experiments. Flow plots in (h) show cells from 
CD3+TCRαβ+ gate shown in (g). (k) Harvesting cells from ATOs by mechanical disruption at 6 weeks resulted in a suspension of >99% 
human hematopoietic CD45+ cells (top), and <0.5% GFP+ stromal cells (bottom). Frequencies are shown for 8 independent 
experiments (error bars represent SD). 
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Supplementary Figure 4 
Enhanced T cell positive selection and maturation in ATOs compared with OP9-DL1 monolayer co-cultures. 
Full flow cytometry data for Fig. 2a is provided, showing T cell differentiation from three different cord blood donors (#1, #2 and #3) at 
(a) 4 weeks and (b) 6 weeks. ATO and OP9-DL1 cultures were started in parallel with CD34+CD3- HSPCs from the same cord blood 
units. Cells are gated on total CD14-CD56- cells or CD3+TCRαβ+ T cells as indicated. (c) Absolute cell numbers of T cell subsets at 
week 4 and 6 in OP9-DL1 co-cultures versus ATOs using the gating strategy shown in (a) and (b). Each OP9-DL1 culture was initiated 
with 1.5x10
4
 CD34+CD3- CB HSPCs cells, and each ATO was initiated with 7.5x10
3
 HSPCs from the same cord blood unit, with 
technical duplicate ATOs harvested and pooled at the indicated times for comparison of cell counts. Bars represent the mean and SD of 
three independent experiments. 
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 Supplementary Figure 5 
Enhanced positive selection in ATOs requires 3D structure and optimal cell line and culture medium. 
Enhanced T cell positive selection and maturation in ATOs (defined as MS5-hDLL1 in 3D culture with RB27) compared with monolayer 
co-cultures. Week 6 monolayer cultures (left) were compared with 3D organoid cultures (right) and included crossover comparisons 
with either MS5-DL1 or OP9-DL1 cells and RB27 medium or OP9-DL1 standard medium as indicated. Standard medium for OP9-DL1 
co-cultures was MEMα/20%FCS with IL-7, FLT3L, and ascorbic acid, and standard medium for ATOs was RB27 with IL-7, FLT3L, and 
ascorbic acid, as described in Methods. Monolayer or 3D cultures using the parental MS-5 cell line (not transduced with DLL1) are also 
shown as a negative control. All plots are gated on CD14-CD56- cells or (where indicated) CD3+TCRαβ+ subgates. 
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Supplementary Figure 6 
Recapitulation of thymopoiesis and naive T cell phenotype in ATOs. 
(a) Progressive differentiation of naïve CD3+TCRαβ+CD8SP and CD3+TCRαβ+CD4SP cells in ATOs between weeks 6-10. ATOs were 
cultured in parallel using CB HSPCs from a single donor and analyzed at the indicated weeks. Cells are gated on CD14-CD56-
TCRαβ+CD3+ cells, and sequential sub-gates (CD8SP or CD4SP) are indicated above plots. The corresponding week 12 timepoint is 
shown in Fig. 2. (b,c) Additional markers characterizing the phenotype of week 12 ATO-derived CD3+TCRαβ+ (b) CD8SP and (c) 
CD4SP T cells compared with corresponding populations in the human thymus (see also Fig. 2). (d) Frequency of HLA-DR+ cells in CB 
ATOs compared with postnatal thymi (gated on total CD45+ cells). (e) Multiple HLA-DR+ antigen presenting cell (APC) populations are 
present in week 6 ATOs. Sequential gates are shown above each plot. HLA-DR+ populations include monocytes (CD14+), 
granulocytes (CD66b+), B cells (CD19+), HSPCs (CD34+), plasmacytoid DC (CD303+CD123+), CLEC9A+ DC (CD141+CLEC9A+), 
and CD1c+ DC (CD1c+CLEC9A-). Paired analysis from a postnatal thymus is shown for comparison. Data in (d) and (e) are 
representative of three independent experiments. 
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Supplementary Figure 7 
Generation of T cells from multiple HSPC sources and subsets. 
(a) Persistence of CD34+ cells in week 6 ATOs initiated with human cord blood (CB), adult bone marrow (BM), G-CSF mobilized 
peripheral blood (MPB), or non-mobilized peripheral blood (PB) HSPCs. (b) T cell progenitor subsets in ATOs from different HSPC 
sources, gated on CD34+ cells as shown in (a). (c) CD34+ progenitors and (d) CD34+ progenitor subsets in week 6 ATOs initiated with 
hematopoietic stem cell (HSC)-enriched (Lin-CD34+CD38-) fractions from the tissue sources shown. (e, f) Early onset of T cell 
commitment from LMPP and CD24- CLP in 3 week ATOs revealed by (e) early appearance of DP and (f) T cell committed CD34+CD7+ 
progenitors. Data are representative of two independent experiments.  
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Supplementary Figure 8 
TCR diversity and functional validation of ATO-derived CD4
+
 T cells. 
(a) Similar to human thymocytes, RAG1 and RAG2 are expressed in ATO-derived CD3+CD4+CD8+ (DP) but not mature CD3+CD8SP 
T cells. Quantitative RT-PCR for RAG1 and RAG2 are shown relative to expression of B2M in FACS sorted ATO-derived versus 
postnatal thymus T cell populations. Mean and SD of triplicate reactions is shown. (b) Generation of TCR diversity in 
CD3+TCRαβ+CD4SP T cells isolated from week 7 ATOs (n=5) or human thymi (n=4), as shown by flow cytometric analysis of the 
frequency of TCR Vβ family expression. (c) Cytokine production by week 12 ATO-derived CD4SP T cells treated with PMA/ionomycin 
for 6h. Data are representative of two independent experiments. (d) Proliferation (CTV dilution) and activation (upregulation of CD25) of 
cord blood (CB) and ATO-derived (week 12) CD4SP T cells after 5 days in response to anti-CD3/CD28 and IL-2. Data are 
representative of two individual experiments. (e) Post-ATO expansion of ATO-derived CD4SP T cells relative to starting cell number in 
response to anti-CD3/CD28 and IL-2 after 7 and 14 days. Mean and SD of technical triplicates are shown. 
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 Supplementary Figure 9 
Differentiation and allelic exclusion of TCR-engineered T cells in ATOs. 
(a) ATO-derived TCR-engineered T cells retain a conventional T cell phenotype despite expansion and re-stimulation. CB HSPCs were 
transduced with an HLA-A*0201/NY-ESO-1157-165 specific TCR and then cultured in ATOs. After 6 weeks, CD8SP T cells were isolated 
from ATOs and activated with anti-CD3/28 beads + IL-2, expanded in IL-2, and re-stimulated with anti-CD3/28 beads on day 14. 
Preserved surface co-expression of CD8α and CD8β was confirmed by flow cytometry. Data are representative of two independent 
experiments. (b) Flow cytometric Vβ analysis of CD3+TCRαβ+tetramer+CD8SP T cells from TCR-transduced CB ATOs. Data are 
representative of 5 independent experiments (shown in graphical form in Fig. 5g). (c) Generation of TCR-engineered T cells from TCR-
transduced CB HSPCs in ATOs using an HLA-A*02:01/MART126-35 specific TCR. Differentiation at week 6 is shown (gated on total 
CD14-CD56- ATO cells, with sequential gates shown above each plot). Data are representative of two independent experiments. (d) 
Antigen-specific priming of MART1-specific and NY-ESO-1-specific ATO-derived TCR-engineered T cells by artificial antigen presenting 
cells (aAPCs) that express CD80 and a HLA-A*02:01 single chain trimer presenting either MART126-35 or NY-ESO1156-165 peptide. 
CD107a membrane mobilization and intracellular IFN  staining at 6h is shown. (e) In vitro cytotoxicity of ATO-derived TCR-engineered 
T cells against antigen-positive tumor cells. Frequencies of early (annexin V+ DAPI-) or late (annexin V+ DAPI+) apoptotic tumor cells 
was determined by flow cytometry at 9h (data are summarized in Fig 6h). (f) Retained antigen specificity following prolonged post-ATO 
activation/expansion of T cells. CD8SP T cells isolated from TCR-transduced ATOs were expanded for 14 days with anti-CD3/28 and 
IL-2, and cytotoxicity assays performed as described in panel (f) and Fig. 6h. Assays using TCR-transduced peripheral blood CD8+ 
donor T cells expanded for 14 days under the same conditions are shown for comparison. 
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